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Abstract. We study optical properties of two dimensional silicene using density
functional theory based calculations. Our results on optical response property
calculations show that they strongly depend on direction of polarization of light,
hence the optical absorption spectra are different for light polarized parallel and
perpendicular to plane of silicence. The optical absorption spectra of silicene possess
two major peaks: (i) a sharp peak at 1.74 eV due to transition from pi to pi∗ states
and (ii) a broad peak in range of 4-10 eV due to excitation of σ states to conduction
bands. We also investigate the effect of external influences such as (a) transverse static
electric field and (b) doping of hydrogen atoms (hydrogenation) on optical properties
of silicene. Firstly, with electric field, it is observed that band gap can be opened
up in silicene at Fermi level by breaking the inversion symmetry. We see appreciable
changes in optical absorption due to band gap opening. Secondly, hydrogenation in
silicene strongly modifies the hybridization and our geometry analysis indicates that
the hybridization in silicene goes from mixture of sp2 + sp3 to purely sp3. Therefore,
there is no pi electron present in the system. Consequently, the electronic structure
and optical absorption spectra of silicene get modified and it undergoes a transition
from semi-metal to semiconductor due to hydrogenation.
PACS numbers: 71.15.Mb, 78.67.-n, 78.67.Bf, 73.22.-f, 71.20.Gj
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1. Introduction
There has been a lot of interest in Graphene-like structure of silicon: Silicene,
since it shows properties similar to those of graphene[1, 2, 3, 4]. The theoretical
studies on silicene show that the charge carriers in this two-dimensional material
behave like massless Dirac-Fermions due to the presence of linear dispersion around
Fermi energy at a symmetry point K in the reciprocal lattice[5, 6]. Similar to its
carbon counterpart - graphene, silicene is a potential candidate for applications in
nanotechnology. The silicon based nanostructures have an important advantage that
they are compatible with the existing semiconductor technology. Therefore, silicene
and silicon nanoribbon have received much attention from both experimentalists and
theoreticians[5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17]. Recently, silicene has been
epitaxially grown on a close-packed silver surface Ag(111)[7] and similarities of properties
of silicene with graphene have been experimentally observed by Vogt et al [9]. Though
graphene possesses many novel properties, its application in nanoelectronic devices
is limited due to its zero band gap and hence it is difficult to control the electrical
conductivity of graphene. It is desirable to have band gap in materials in addition to
their novel properties. Albeit band gap in graphene may be introduced by chemical
doping but it is uncontrollable and incompatible with device applications. There
exist a few studies on silicene which show that band gap in silicene can be opened
up as well as varied over a wide range by applying transverse external static electric
field[18, 19, 20, 21].
Though there exist a few theoretical studies on geometric, electronic and vibrational
properties of silicene, no detailed study on optical properties of silicene is available in
the literature. But studying optical properties of silicene is important from both the
fundamental as well as application point of view. Hence, in this work, we devote our
study on optical properties of silicene using the state-of-art density functional theory
(DFT) based calculations. Further, it is also interesting to explore how these properties
could be altered due to external influences like external fields or chemical doping. Here,
we choose two external influences namely (a) static transverse electric field and (b)
hydrogenation - simplest possible doping, for investigating their effect on geometric,
electronic and optical properties of silicene.
In the next section, we briefly outline the computational methods employed in the
present work. The results and discussions are presented in section 3 and then followed
by conclusion in section 4.
2. Computational details
We use SIESTA package[22, 23, 24] for performing a fully self-consistent density
functional theory (DFT) calculation by solving the standard Kohn-Sham (KS)
equations. The KS orbitals are expanded using a linear combination of pseudoatomic
orbitals proposed by Sankey and Niklewski[25]. All our calculations have been carried
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out by using triple-zeta basis set with polarization function. The standard norm
conserving Troullier-Martins pseudopotentials[26] are utilized. For exchange-correlation
potential generalized gradient approximation given by Perdew-Burke-Ernzerhof[27] has
been used. A cutoff of 400 Ry is used for the grid integration to represent the charge
density and the mesh of k-points for Brillouin zone integrations is chosen to be 45×45×1.
We used finer mesh of 250×250×1 k-points for optical calculations. The convergence
criteria for energy in SCF cycles are chosen to be 10−6 eV. The structures are optimized
by minimizing the forces on individual atoms (below 10−2 eV/ A˚). Super-cell geometry
with a vacuum of 14 A˚ in the direction perpendicular to the sheet of silicene is used so
that the interaction between adjacent layers is negligible.
3. Results and Discussion
As mentioned in the introduction, our main aim of the present work is to study optical
properties of silicene. However, the optical property calculations within the framework
of DFT, as implemented in SIESTA[22, 23, 24], require eigen functions and eigen values
of KS states. Therefore, before going into detailed discussion on results of optical
properties, we first present our results on geometric and electronic structures of silicene
which will be used later in calculations of optical properties. We also compare our
results on geometric and electronic structure of silicene with those results available in
literature. In next subsection, we start a discussion on results of geometric structure of
silicene which is followed by discussions on electronic structures and optical properties
respectively in subsection 3.2 and 3.3.
3.1. Geometric Structures
The optimized geometry of silicene is shown in Fig. 1 (a) and (b). The unitcell has two
Si atoms (A and B) and the space group is P3m1. We observe that the minimum energy
structure of the silicene is low-buckled with the lattice constant of 3.903 A˚. The bond
length and bond angles between the silicon atoms are 2.309 A˚ and 115.4◦ respectively.
The value of bond angle in silicene lies in between those of sp2 (120◦) and sp3 (109.5◦)
hybridized structures. This clearly shows that the hybridization in silicene is not purely
of sp2 type but a mixture of sp2 and sp3 types. The buckling in silicene is due to the
weak pi - pi bond that exists between Si atoms since the Si-Si distance is much larger
as compared to that in graphene (C-C =1.42 A˚). The binding energy of the system
increases due to buckling by increasing the overlap between pi and σ orbitals. The
presence of buckling may also be explained by Jahn-Teller distortion. Our results on
geometry match well with the previous calculations[5, 6, 12, 13, 14]. Here, we quantify
the amount of buckling in terms of buckling length d which is defined as the vertical
distance between atoms at sites A and B in the unitcell. The value of d in silicene is
0.5 A˚. In case of planar structure, as that of graphene, the value of d is zero. The
importance of finite buckling in determining the electronic structure of silicene under
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the influence of external electric field will be described later.
Figure 1. The optimized geometry structures. Silicene : (a) Top and (b) side view of
5×5 supercell. The lines in (a) represents the unitcell. The vertical distance between
two Si atoms at sites A and B is represented by ’d’. Hydrogenated Silicene : (c) Top
and (d) side view of 5×5 supercell. The small circles in (c) and (d) represent hydrogen
atoms.
We also optimize the geometry of silicene under two external influences such as
transverse electric field and hydrogenation. We find that there is no appreciable change
in the structure of silicene due to external electric field. In case of hydrogenation, we
observe following modifications in the results of geometric structure. The hydrogenated
silicene is called Silicane in analogy to the Graphane. The optimized structure of silicane
(Si2H2) is shown in Fig. 1 (c) and (d). The value of lattice constant is 3.92 A˚. The
values of bond length between Si-Si and Si-H are respectively found to be 2.37 A˚ and
1.52 A˚. Further, the bond angles obtained are 111.1 ◦ and 107.8◦ respectively for Si-Si-
Si and H-Si-Si. The buckling length in silicane is 0.74 A˚ which is about 48 % more as
compared to that of pure silicene. Our results on geometric properties of silicane match
well with those results available in literature[28, 29, 30, 31]. It is interesting to note that
the bond length and angle between Si atoms are respectively increased and decreased
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due to hydrogenation. Further, both these values are much closer to those of Si bulk
(2.35 A˚ and 109.5◦). These results suggest that the hybridization in silicane is sp3-like.
The effect of changes in hybridization on electronic properties will be discussed later in
next subsection.
3.2. Electronic Structures
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Figure 2. Band structure and density of states for optimized structures of (a) silicene
and (b) graphene. The energy of bands are with respect to Fermi level.
The band structure along high symmetry points in Brillouin zone and density of
states (DOS) of silicene and graphene are respectively shown in Fig. 2 (a) and (b).
The figure (a) clearly indicates the semi-metallic behavior of silicene since the value of
DOS at EF is zero and the conduction and valence band touch each other only at the
high symmetry K point. The energy levels and the contribution of DOS just below
and above Fermi levels are mainly due to pi and pi∗ orbitals. The dispersion around
K point near the Fermi level is linear (see insert in Fig. 2 (a)). The point in E-k
diagram where the conduction and valence band touch each other at EF is called the
Dirac point. Comparison of these results obtained for silicene (as presented in Fig. 2(a))
with those of graphene (in Fig. 2(b)) indicates that the electronic structure of silicene
around EF is very similar to that of graphene. However, it is interesting to note that
there is a difference in character of DOS between silicene and graphene well below EF .
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There exists a peak around -7 eV in graphene which is mainly due to σ state but the
corrponding peak in silicene is split due to mixing of pi and σ states (or mixture of
sp2and sp3 hybridization). The presence of linear dispersion indicates that the charge
carriers near Dirac point behave like massless Dirac Fermions since the dynamics of these
carriers obeys relativistic Dirac-like equation. The relativistic Dirac-like Hamiltonian
which describes the electronic structure of silicene around the Dirac point, similar to
that of graphene[32, 33], can be approximated as
Hˆ =
(
∆ h¯vF (kx − iky)
h¯vF (kx + iky) −∆
)
(1)
where k and vF are momentum and Fermi velocity of charge carriers near Dirac point.
The quantity ∆ is the onsite energy difference between the Si atoms at sites A and
B. Due to the presence of inversion symmetry, the onsite energy difference ∆ becomes
zero, which leads to the linear dispersion around the Dirac point linear i.e. E = ±h¯vFk.
Until now, the treatment for description of electronic structures of silicene is exactly
similar to that of graphene. In the above mentioned discussion, the effect of spin-orbit
coupling (SOC) is not included and very small gap of the order of µeV in graphene
and about 1.55 meV in silicene may be opened up due to SOC[34, 35]. The band gap
in graphene-like structure can be opened up if one can break the inversion symmetry
and hence the value of ∆ becomes finite. Then, the dispersion around the Dirac point
becomes
E = ±
√
∆2 + (h¯vFk)2 (2)
Hence, in this case, the value of band gap opened is twice that of the onsite energy
difference.
Now, we discuss the effect of transverse static electric field on the electronic
structure of both silicene and graphene. The calculated band structures of silicene and
graphene around Dirac point for various strengths of external electric field are shown
in Fig. 3 (a) and (b). We observe from Fig. 3 (a) that a band gap can be opened
up at Fermi level by external electric field due to the breaking of inversion symmetry.
This is due to the fact that the potential seen by the Silicon atoms at the sites A
and B is different. The presence of buckling in geometric structure of silicene plays an
important role in breaking the inversion symmetry. However, there is no gap (see Fig.
3(b) in graphene since potential seen by the carbon atoms at the sites A and B are
same (∆ = 0). Breaking of inversion symmetry can be clearly seen from modifications
in charge density distribution of pi and pi∗ states due to external electric field. In Fig.
3 (c), we plot the charge density distribution of these states, which lie at the symmetry
K point, with and without electric field. In the absence of external electric field, both
the pi and pi∗ states have same energy and also possess inversion symmetry. However,
application of an external electric field makes the spatial distribution of charges above
and below the silicence sheet to be different and also breaks the inversion symmetry.
This leads to an opening up of the band gap in silicene. We also show that the band gap
varies linearly with the strength of external electric field. These results are consistent
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Figure 3. The band structure of (a) Silicene and (b) Graphene around Dirac point
for different strengths of transverse electric field. (c) Charge density distribution of pi
and pi∗ without and with electric field 5 V nm−1. (d) The variation of band gap (Eg),
valence (Ev) and conduction (Ec) band edges of silicene with the strength of transverse
external field.
with those of previous studies available in the literature[19, 20, 21]. We find that the
rate of increase in gap with strength of electric field is 0.1014 eA˚ which lies in between
those estimated by Drummond et al., (0.0742 eA˚)[20] and Ni et al., (0.157 eA˚)[19].
Moreover, the value of band gap can be tuned over a wide range. This result leads to
an important advantage of silicene over graphene since there is no buckling in the latter
and hence it is not possible to open up a gap by applying external electric field. We
also observed that both valence and conduction band edges move symmetrically away
from Fermi level when the electric field is applied. Further detail on calculations and
results for effect of electric field on electronic structure of silicene can be found in the
literature[18, 19, 20, 21].
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Figure 4. The band structure and DOS of hydrogenated Silicene.
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To understand the effect of hydrogenation on electronic properties of silicene, we
calculate the electronic structure of silicane as given in Fig. 1 (c) and (d). The band
structure and DOS of silicane is given Fig. 4. We observe from this figure that electronic
character of silicene changes from semi-metal to semiconductor due to hydrogenation. It
is an indirect semiconductor with a band gap of 2.27 eV along Γ-M direction. However,
the direct band gap of 2.31 eV at Γ point is about 1.8% higher. Our results on band
structure match well with those available in the literature[28, 29, 30, 31]. For example,
the value of band gap obtained in present work match well with about 2 eV obtained
from LDA[28, 29]. However, it important to note that the values of band gap estimated
from DFT calculations are underestimated by approximately about 30-50% and hence
the true gap may be larger. As mentioned earlier in geometry analysis, the hybridization
in silicene is strongly modified due to hydrogenation and it becomes sp3-like. The semi-
metallic character of undoped silicene is due to presence of pi orbitals near EF which
contains the delocalized pi electrons. However, due to hydrogenation, the weak pi bond
present in undoped silicene is easily broken and is replaced by strong covalent σ bond
between Si and hydrogen atoms. It is clearly seen from Fig. 4 that pi band which crosses
EF in undoped silicene has disappeared and a new σ band corresponding to Si-H bond
has appeared in band structure of silicane. So, there is no pi electron present in system
and hence there is a transition from semi-metallic to semiconductor character. It is
interesting to note that the hydrogenation only modifies the electronic states which lie
near EF and the features of σ bands of undoped silicene remains similar. These results
again suggest that behavior of silicene is akin to graphene.
3.3. Optical properties
Having discussed the results on geometric and electronic structures of silicene in previous
subsections, we now focus our attention on discussion on results obtained for optical
response properties of silicene. The optical response properties of silicene are calculated
by employing first order time-dependent perturbation theory as implemented in SIESTA
package[22, 23, 24]. For accurate calculation of optical response properties, it is
necessary to use finer mesh of k-points and hence we used large mesh size of 250×250×1
in the present calculations. In optical property calculations, the imaginary part of
dielectric functions for the light polarized parallel and perpendicular to the plane of
silicene sheet are evaluated. The real part of dielectric functions is then obtained via
Kramers-Kronig relation. It is clearly seen from Fig. 5 (a) that dielectric function
of silicene strongly depends on the direction of polarization of light since parallel (εx
and εy represented by ε‖) and perpendicular (εz represented by ε⊥) components of ε
are different. It is also observed from the above figure that parallel and perpendicular
components respectively dominate lower (below approximately 5 eV) and higher (above
5 eV) energy regime. The presence of anisotropy in dielectric function is a consequence
of two dimensional nature of the silicene sheet. We also calculate the total response of
εT of silicene : bare (bottom panel in Fig. 5 (a)), with electric field of 1.0 VA˚
−1 (Fig. 5
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(b)) and hydrogenated (Fig. 5 (c)). These resuls have been used to calculate the optical
absorption spectra of silicene.
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Figure 5. (a) The calculated real (ε1) and imaginary (ε2) part of dielectric function
of silicene: parallel (top), perpendicular (middle) components and total (bottom). (b)
εT for silicene with electric field (1.0 VA˚
−1). (c) εT for hydrogenated silicene
The calculated optical absorption spectrum of silicene is given in Fig. 6(a). The
absence of cut-off energy in absorption coefficient suggests that there is no band gap
in silicene. The analysis of optical absorption spectra shows that silicene possesses two
major peaks in energy range from 0 to 6 eV. These two peaks correspond to the two
important transitions that occur between electronic states of silicene. They are (a)
smaller peak around 1.74 eV and (ii) intense broader peaks, with maximum at 3.94 eV,
which extend beyond 6 eV. First peak corresponds to the transition from states pi to
pi∗ which are close to the Fermi level. Hence the lower energy spectra of silicene are
mainly dominated by pi electron present in these states. The value of the absorption
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peak matches well with 1.69 eV of peak-to-peak (above and below EF ) energy difference
in DOS (see in Fig. 2(a)). It is interesting to note that shape of this peak is symmetric
which is due to symmetric dispersion of pi and pi∗ bands respectively below and above
EF . The broad second peak corresponds to transition from occupied σ to unoccupied
σ∗ state in the conduction bands. The broad energy range of this transition is due to
the large band width of both σ and σ∗ states.
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Figure 6. The optical absorption spectra of Silicene: (a) without electric field, (b)
with 0.25 VA˚−1, (c) with 0.5 VA˚−1,(d) with 1.0 VA˚−1 and (d) hydrogenated.
3.3.1. Effect of External Electric Field The optical absorption spectra of silicene when
it is subjected to different strength of transverse static electric field are given in Fig. 6(b)-
(d). The figures (See insert in (d)) clearly indicate that there is no absorption of light
having energy below a certain cut-off value. The value of cut-off also increases with the
strength of electric field. These observations suggest that there is a band gap opening
in silicene due to external electric field and also band gap increases with increasing
strength of electric field. These results are also consitent with our discussions on effect of
transverse electric field on electronic structure of silicene which are presented in previous
subsection (Fig. 3 (a) and (d)). Interestingly, the features of spectra with electric field,
such as the width and position of peaks, corresponding to different transitions remain
similar to those of silicene without electric field. We infer from these observations that
main effect of electric field is to influence the electronic states of silicene which are close
to Fermi level.
3.3.2. Effect of Hydrogenation The calculated optical absorption spectra of silicane
is given in Fig. 6(e). It is clearly seen that there is transition from semi-metallic to
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semiconductor behavior since there is no absorption upto a threshold value of band gap.
The main influence of hydrogenation on optical absorption spectra is the disappearance
of first peak around 1.74 eV since, as discussed in previous section, there are no pi
bands present in system. Hence, no transition between pi and pi∗ can occur. However,
the second peak which correspond to σ-to-σ∗ transition is not much influenced by
hydrogenation as these states are not modified by this effect. This observation again
suggest that main effect of hydrogenation is to modify the pi and pi∗ bands which are
close to EF .
4. Conclusion
In summary, we have carried out abinitio DFT calculations to study optical response
properties of silicene. Our results on geometric and electronic structures of silicene
match well with the results available in literature. We observed from our results on
optical response property calculations that the dielectric function strongly depend on
direction of polarization of incident light. The anisotropic response in dielectric function
is a consequence of two dimensional characteristic of silicene. The optical absorption
spectra of silicene possess two major peaks due to pi-to-pi∗ and σ-to-σ∗ transitions. In
this work, we also studied the effect of (a) transverse static electric field and (b) hydrogen
doping on geometric, electronic and optical properties of silicene. We have shown that
band gap in silicene can be opened up near Fermi level by applying external electric
field. We observed appreciable changes in optical absorption due to band gap opening.
In case of hydrogenation, we observed from geometry analysis that the hybridization
in silicene goes from mixture sp2 + sp3 to sp3. Consequently, the electronic structure
of silicene gets modified drastically and it undergoes a transition from semi-metal to
insulator due to hydrogenation. Therefore, we infer from our results that both these
external influences strongly modify the electronic properties of silicene mainly the states
(pi and pi∗) which are close to EF . The results obtained in the present can be directly
verifiable from experimental studies like transport properties and optical measurements.
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